We study exciton-polariton nonlinear optical fluids in a high momentum regime for the first time. Defects in the fluid develop into dark solitons whose healing length decreases with increasing density. We deduce interaction constants for continuous wave polaritons an order of magnitude larger than with picosecond pulses. Time dependent measurements show a 100ps time for the buildup of the interaction strength suggesting a self-generated excitonic reservoir as the source of the extra nonlinearity. The experimental results agree well with a model of coupled photons, excitons and the reservoir.
We study exciton-polariton nonlinear optical fluids in a high momentum regime for the first time. Defects in the fluid develop into dark solitons whose healing length decreases with increasing density. We deduce interaction constants for continuous wave polaritons an order of magnitude larger than with picosecond pulses. Time dependent measurements show a 100ps time for the buildup of the interaction strength suggesting a self-generated excitonic reservoir as the source of the extra nonlinearity. The experimental results agree well with a model of coupled photons, excitons and the reservoir.
Exciton-polaritons are half-light half-matter quasiparticles resulting from strong coupling between photons and quantum-well (QW) excitons [1] . They behave like photons but experience nonlinearity at least 1000 times larger than in bulk semiconductors due to exciton-exciton scattering [2] . In a waveguide geometry [3] the propagation of light is dominated by the high momentum β in the propagation direction z. The envelope of the optical field evolves slowly compared to the wavelength 2π/β which leads to its evolution equation becoming formally analagous to the Nonlinear Schrodinger (NSE) or Gross Pitaevskii (GPE) equations, but with z playing the role of time [4] . This high-momentum paraxial regime has been exploited for photonic simulation of complex Hamiltonians [5] [6] [7] [8] [9] . Among the most fundamental solutions of the GPE are dark solitons [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . These are self-localised dark notches on an infinitely extended bright background accompanied by a phase jump at the center. In the field of nonlinear optics they offer potential applications in alloptical signal processing [20] . The giant polariton nonlinearity allows dark soliton formation at the sub-millimeter length scales needed for on-chip integration [18] , a regime previously inaccessible due to weak photon-only nonlinearities. There is, however, still a great deal of experimental uncertainty over the precise nature and strength of the polariton nonlinearity with estimates of the interaction strength varying over two order of magnitude [21] [22] [23] [24] [25] [26] . A proper understanding of these interactions is important as they underpin efforts towards realisation of polariton fermionisation [27] [28] [29] and strongly quantumcorrelated states in polaritonic lattices [30] [31] [32] .
In this work we experimentally study spatial dark polariton soliton formation in the high momentum regime for the first time. Solitons are formed within 600 µm at CW powers less than 30mW. We resonantly inject two different classes of initial condition into the waveguides and use the variation of the core size with polariton density to investigate the polariton nonlinearity in the CW regime. We deduce an interaction constant more than an order of magnitude larger than previously observed in the picosecond pulsed regime [2] . Using time dependent measurements of Gaussian beam self-defocussing we observe that the nonlinearity accumulates on a timescale of order 100ps, much longer than the picosecond response of direct polariton-polariton scattering and consistent with the slow build-up of an excitonic reservoir. Since the polaritons are spatially separated from the pump the reservoir must be generated by the polaritons themselves. Using a numerical model of coherently coupled waveguide photons and excitons and an incoherent reservoir generated by scattering of the excitons we are able to selfconsistently fit all experimental features using a single value of the interaction strength. Compared to previous studies conducted using Bragg microcavities [18, 19] , waveguide propagation always provides a good approximation of the time evolution of the GPE, which enables us to seed dark solitons from different initial conditions. Furthermore, the high momentum allows us to study the density dependent soliton width without the system undergoing the superfluid transition [18] and ensures the polariton field is spatially separated from the pump so that we observe only the polariton self-interaction. Finally, the waveguide geometry allows an accurate determination of the number of polaritons injected into the system [33] which allows us to deduce the effective interaction constants. The shrinking of the core size with background density provides an important proof of polariton dark soliton formation, which was previously the subject of some controversy [34] [35] [36] .
The sample used in this work is similar to that in Ref. 2 . A schematic of the experiment is shown in Figure 1(a) . The polariton dispersion relation is shown in Fig. 1(b) where the avoided crossing of the uncoupled photon and exciton modes, resulting in a Rabi splitting of 9meV, may be seen. Experiments were performed at 10 Kelvin. A CW laser beam was modified using amplitude or phase masks and then projected onto an input grating coupler (see Fig. 1(a) ) [2, 37] . The input transverse profile was a 29 µm FWHM Gaussian with either a phase jump or intensity dip near the center, corresponding to the two classes of initial conditons which we investigate [38] . The polariton fluid undergoes nonlinear evolution in a 600 µm unpatterned region of planar waveguide and the light was collected by a second grating coupler and imaged onto a CCD camera. We first consider the case of the phase jump initial condition. Figure 2 (a) shows the intensity profile of the incident beam and the beam after propagation through the waveguide in the linear and nonlinear regimes. The input profile is Gaussian with a narrow dark notch near the center. At low excitation powers the nonlinearity is negligible and the diffraction of the discontinuous phase in the input field results in a broad dip in the center of the Gaussian background. The background itself is wide enough that it does not experience significant diffraction over the 600 µm propagation length. Above ∼2mW incident power the background broadens under the influence of nonlinear self-defocussing [4] while the notch width decreases, eventually forming a single narrow notch in a broad bright background, which is the expected profile for a single dark soliton [10] . Figure 2(b) shows a typical phase profile of the output field measured in a separate experiment for low and high power. For both powers a phase jump near x = 0 is superimposed on a slowly varying background phase arising from the Gaussian background. The shaded region indicates the FWHM of the intensity notch at high power. The phase jump at high power is close to the value of π injected at the input [38] as expected in the case of a single dark soliton [10] . Figures (c) and (d) show the pump power dependences of the widths of the background and of the dark notch. Crucially, the width of the notch narrows significantly as the density increases, again as expected for a dark soliton. The qualitative reason for this narrowing is the same as for quantised vortex cores in a microcavity polariton condensate [39] . The kinetic energy associated with the localized defect is balanced by the nonlinear potential energy, proportional to the density n of the background. Thus the defect healing length ξ decreases with increasing density according to Eqn. (1).
Here v g,LP =24 µm ps −1 and β=23.7 µm −1 are the polariton group velocity and wavenumber, φ is the soliton phase angle andhg is the polariton-polariton interaction energy per unit polariton density. Note thathβ/v g,LP plays the role of mass and that the core FWHM≈2.493ξ [40] . Eqn. (1) follows from the analytical dark soliton solution of the GPE [10, 11, 40] . In the case of the amplitude defect initial condition the field profiles are shown in figure 3(a) . The intensity notch is clearly seen in the input field. At high density a pair of well defined dark notches is present on the broad bright background of the output field. Figure 3(b) shows the difference in output phases between low and high power cases. An important evidence of dark soliton formation is that there is a modification of the phase profile at high densities such that two phase jumps of opposite sign occur at the positions of the dark notches (shaded grey) which are not present at low power. This shows that the nonlinear interaction has generated the correct phase profile for a pair of dark solitons seeded by an intensity defect in the initial condition [10] . Furthermore, as shown in Fig. 3(d) , the notch widths again decrease with increasing density as expected for a solitonic solution. We now consider the origin and size of the nonlinear interaction responsible for generating the solitons. Figure 4 (a) shows the measured output power from the waveguide vs. the incident power, which is linear up to 10mW where the narrowing of the dark notches and broadening of the background is already pronounced. From the gradient and known losses [2] we determine that 20±2% of the incident light couples into the guided mode [33] . A first estimate of the effective size of the polariton-polariton interaction constant g may be made from Eqn. (1) using the peak polariton density n. We use cos φ =1 for the phase defect and 0.9 for the amplitude defects, deduced from the valley-to-peak ratio of the dark notches [40] . Values of g for several powers are shown in Fig. 4(b) and are in the range 25-37 µeV µm 2 for powers where the output vs. input power is linear. The amplitude and phase defects give very similar values. We note that for a dark soliton with core FWHM 7 µm the balanced nonlinear and diffraction lengths are equal to 2βξ 2 =370 µm, which is less than the device length L=600 µm. We can therefore be sure that solitons narrower than this are able to form in our de- vice [40] . The values of g we obtain are more than two orders of magnitude larger than g=0.3 µeV µm 2 , which we previously deduced for dark and bright solitons using very similar structures but with picosecond pulses [2] . Scaling to account for the different detuning δ=-7.6meV in those measurements gives g=1.5 µeV µm 2 , still over an order of magnitude less than we see here. This may occur if some of the polaritons are transferred into an excitonic reservoir with a lifetime long compared to the picosecond pulses. In the steady state the reservoir population will be larger than that of strongly-coupled excitons by the ratio of its lifetime to excitation time, providing an excess exciton population which makes the polariton interaction appear stronger than it really is. The timescale of picosecond pulses is short compared to the reservoir excitation rate so no significant extra population builds up and only the strongly coupled exciton population contributes to the nonlinearity. The reservoir may be generated by scattering from disorder into excitonic states in the tail of the inhomeogeneously broadened exciton line [41] , for which the density of states is much larger than for polaritons. Alternatively, the reservoir can be composed of localised, indirect or otherwise dark excitons [42] [43] [44] [45] [46] .
To further investigate this effect we injected pulses of length 120ps and 440ps with a gaussian spatial profile into the waveguide and observed the spatial defocussing as a function of time using a streak camera. The pulses were detunedhδ =-7.2meV from the exciton and the spatial FWHM was 15 µm. Fig. 5 shows the output intensity as a function of x and time t. In the low power case (a,c) the output pulse is unchanged and is gaussian in both x and t. At high power (b,d) the spatial distributions broaden as previously observed in the CW case. It can be seen that the outer portions of the spatial distribution arrive delayed with respect to the center. Taking sections at ±25 µm the delay is 30ps in the case of 120ps long pulses and 240ps in the case of 440ps pulses. These delays are too large to be explained in terms of a change in velocity as the travel times for polaritons at this detuning and for pure photons are 14ps and 10ps respectively. In Fig. 5(e) it can be seen that the spatial width of the distribution increases twice as fast with peak pulse power in the case in of 440ps pulses compared to 120ps pulses. The coupling efficiency, absorption, etc. are the same for both pulse lengths as seen from the almost identical input vs. output power curves in Fig. 5(f) . This implies that the longer pulses experience twice the nonlinearity. Taken together, these two effects can be explained if polaritons in the first part of the pulse generate a reservoir which increases the nonlinear interaction for the latter part of the pulse resulting in increased spatial defocussing at later times.
We now consider a numerical model which provides a self-consistent fit to all features of the experimental data. Polaritons propagating in the waveguide are described by Eqns. (2) for the slowly varying coupled photon and exciton envelope amplitudes A and ψ and the reservoir density n R .
Here, v g =58 µm ps −1 and β e =23.6 µm −1 are the photon group velocity and wavenumber at the exciton frequency extracted from the fit to the dispersion relation in Fig. 1(b) . The loss rates γ p and γ r are due to photon tunnelling through the cladding and loss of excitons due to scattering to the reservoir while γ e quantifies all other exciton loss channels. The reservoir decay rate is γ R . The total homogeneous exciton linewidth h (γ e + γ r )=13.2 µeV andhγ p =32.9 µeV were obtained from an independent fit to the spectral dependence of the loss length [47] . The Rabi splittinghΩ=9meV and the (polarisation averaged) exciton interaction energy per unit exciton density in one QW is given byhg X .
In the steady state, where ∂n R /∂t=0, Eqn. (2c) can be rearranged to give n R = (γ r /γ R ) |ψ| 2 . Substituting this into Eqn. (2b), the nonlinearity g X (|ψ| 2 + n R ) becomes g eff |ψ| 2 where g eff = g X (1 + γ r /γ R ) is an effective exciton-exciton scattering which accounts for the fact that for every strongly coupled exciton the reservoir contains another γ r /γ R incoherent excitons. For CW driving we use the ansatz A = A (x, z) exp (−iδt), and likewise for ψ, and eliminate ψ using Eqn. (2b) to leave a generalised GPE for ∂A (x, z) /∂z in terms of A [48] . This was solved using a standard split-step Fourier method [4] . The input conditions are well determined as evidenced by the good agreement between experiment and theory at low power (Figs. 2, 3(a) and [38] ).
The model output is plotted as solid lines in figures 2,3(a,c,d) . Good semi-quantitative agreement is achieved with all intensity profiles (panels (a)) and with the dark notch and background widths (panels (c,d) ) at all powers. The only adjustable parameter hg eff =220 µeV µm 2 fits all the above data at once so the model provides a self-consistent explanation of all features. The effective polariton-polariton interaction g corresponding to the above exciton-exciton interaction is obtained using g=g eff |X| 4 /N w where |X| 2 =0.58 is the exciton fraction and N w =3 is the number of QWs [21] . This giveshg=25 µeV µm 2 , in good agreement with the value deduced from the soliton healing length. Thus the numerical model is also consistent with the picture of dark solitons with healing length given by Eqn. (1). If we takehg X =13.5 µeV µm 2 from our work with picosecond pulses [2] then to obtain the observed g eff a ratio of 15 between the reservoir lifetime and excitation rates is required. Since the total exciton loss rate γ e +γ r =13.2 µeV corresponds to 25ps the reservoir lifetime is longer than 375ps. Considering the time resolved data, the reservoir excitation time of order 25ps is short compared to the pulse lengths so the reservoir effect can also explain the enhanced nonlinearity felt by the trailing edge of the pulses. Comparing our value with others in the literature, Rodriguez et. al. deduced g eff =30 µeV µm 2 , which lies between our picosecond and CW reults, in a similar system to ours. Ferrier et. al. [26] quote g=2-9 µeV µm 2 for polaritons spatially separated from the pump from which we infer g eff ∼50-225 µeV µm 2 . In a similar experiment Brichkin et. al. [21] find g eff =2.4 µeV µm 2 , of the same order as theoretical estimates. The differences between similar systems suggests a strong dependence of the CW nonlinearity on sample properties. Our picture of a reservoir generated by the polaritons themselves may explain this behaviour since variations in QW disorder between different semiconductor wafers can strongly influence scattering into the reservoir.
In conclusion, we have shown dark soliton formation from both amplitude and phase defects in a polariton fluid and observed the density dependence of the soliton healing length for the first time. We have measured a polariton-polariton interaction strength more than an order of magnitude larger than polariton interactions on a picosecond timescale and shown that the extra nonlinearity develops over a timescale of order 100ps. We attribute it to the slow build-up of a reservoir excited by the polaritons, which contributes to the blueshift of the coherent exciton field. Our numerical model explains all experimental features for both initial conditions using a single value of the excitonic interaction strength. We thus achieve a self-consistent picture of dark soliton formation and CW polariton interactions.
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